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ABSTRACT. Following the work done in [O] for groups, we de-
scribe, for a given semigroup S, which functions [ : S — N can be
realized up to equivalence as length functions g — |g|g by embed-
ding S into a finitely generated semigroup H. We also, following
the work done in [O2] and [OS], provide a complete description
of length functions of a given finitely generated semigroup with
enumerable set of relations inside a finitely presented semigroup.

1. Introduction

1.1. Preliminaries

Let S be an arbitrary semigroup (without signature identity element)
with a finite generating set A = {ay,...,am}.

Definition 1.1. The length of an element g € S is |g| = |g|a is the length
of the shortest word over the alphabet A which represents the element g,
where for any word W in A we define its length ||W|| to be the number
of letters in W.

Observe that if the semigroup S is embedded into another finitely
generated semigroup H with a generating system B = {by,..., by}, then
for any g € S we have

lgl5 < clgla (1)

with the constant ¢ = max{|ai|g, ..., |am|s} independent of g. Motivated
by inequality (1), we introduce the following notion of equivalence.
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2 LENGTH FUNCTIONS FOR SEMIGROUP EMBEDDINGS

Definition 1.2. Let l1,lo: S - N=1{1,2,3,...}. We say that 1 and 5
are equivalent, l1 = lo, if there exist constants c1,co > 0 such that

c1li(g) < la(g) < cali(g)
forallge S.

The discussion above implies that the word length in S does not
depend up to equivalence on the choice of finite generating set.

We will also be considering a semigroup analogue of the notion of
distortion. This idea was first introduced for groups by Gromov, in [G].
We say that an embedding of one semigroup H with finite generating
system B into another semigroup R with finite generating system T is
undistorted if

(I-17) la=~ - 5.

Otherwise, the embedding is distorted. The notion is clearly independent
of the choice of finite generating sets 5 and 7.

1.2. Statement of main results

The main goal of this note is to prove an analog of Theorem 1 in [O] for
semigroups. The necessary conditions for distortion functions of semi-
groups are as follows. The main result of this article is the sufficiency of
said conditions.

Lemma 1.3. Let S be a semigroup and | : S — N a function defined
by some embedding of the semigroup S into a semigroup H with a finite
generating system B = {by, ..., bi}; that is, I(g) = |g|s. Then

(D1) 1(gh) <1(g) + l(h) for all g,h € S;

(D2) There exists a positive number a such that card{g € S :l(g) <r} <
a” for any r € N.

Proof. The condition (D1) is obvious. To prove the condition (D2) it
will suffice to take a = k 4+ 1. This follows because the number of all
words in B having length < r is not greater than (k+ 1)". O

We establish the notation that the (D) condition refers to conditions
(D1) and (D2) of Lemma 1.3.

Theorem 1.4. 1. For any semigroup and any function [ : S — N
satisfying the (D) condition, there is an embedding of S into a 2-
generated semigroup H with generating set B = {by, b2}, such that
the function g — |g|g is equivalent to the function I.



T. DAvIS 3

2. For any semigroup S and any function | : S — N satisfying the
(D) condition, there is an embedding of S into a finitely generated
semigroup K with finite generating set C such that the function
g — |glc is equal to the function .

Corollary 1.5. 1. Let g be an element such that g generates as in-
finite subsemigroup in a semigroup H with finite gemerating set
B={b1,...,bp}; i.e. card{g"}nen = co. Denote I(i) = |g'|s = |g'|
fori e N. Then

(C1) (i +7) <U(i)+1(j) for alli,j € N (I is subadditive);

(C2) There exists a positive number a such that card{i € N : [(i) <
r} <a" for any r € N.

2. For any function | : N — N, satisfying conditions (C1) and (C2),
there is a 2-generated semigroup H and an element h € H such that

3. For any function | : N — N, satisfying conditions (C1) and (C2),
there is a finitely generated semigroup K and an element k € K
such that |k = 1(4).

We observe that the main result of [O2] also holds for semigroups.

Theorem 1.6. Letl be a computable function with properties (D1)—(D2)
on a semigroup S. Suppose further that S has enumerable set of defining
relations. Then S can be isomorphically embedded into some finitely pre-
sented semigroup R in such a way that the function l is equivalent to the
restriction of | |g to S.

This Theorem will be proved in Section 4.

Example 1.7. Because the functionl : N — N : i+ [i"7¢] is computable
(r and e being computable numbers) and satisfies the (D) condition, we
have by Theorem 1.6 that there exists a finitely presented semigroup R
and an element r € R such that |r'|g ~ 1(i).

Theorem 1.6 fails to provide a complete description of length functions
of a given finitely generated semigroup with enumerable set of relations
inside finitely presented semigroups. In [OS], the corresponding question
was answered for groups, by extending the (D) condition. We obtain a
semigroup analog of the main result in [OS] as follows.

We use the notation that F},, is an absolutely free semigroup of rank
m. Given an m-generated semigroup S, and a function [ : S — N, we
may obtain the natural lift function [* : F;,; — N.
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Definition 1.8. Let S be an m-generated semigroup, and l : S — N. We
say that | satisfies condition (D3) if there exists a natural number n and
a recursively enumerable set T’ C F,, x F,, such that

1. (v1,u), (va,u) € T for some words vy, vy, u then v and ve represent
the same element in S.

2. If v1 and vy represent the same element in S then there exists an
element u such that (vi,u), (ve,u) € T.

3. 1*(v) = min{||u|| : (v,u) € T} for every v € F,.

Theorem 1.9. Let S be a finitely generated subsemigroup of a finitely
presented semigroup H. Then the corresponding length function on S
satisfies conditions (D1) — (D3). Conwversely, for every finitely generated
semigroup S and function | : S — N satisfying conditions (D1) — (D3),
there exists an embedding of S into a finitely presented semigroup H such
that the length function g — |g|g is equivalent to 1, in the sense of Defi-
nition 1.2.

This Theorem will be proved in Section 4.
When S has solvable word problem, the condition (D3) can be re-
placed by a simpler condition.

Definition 1.10. The graph of a function I* : F,, — N 1is the set
{(w,*(w)) : w € Fyp}. A pair (w,k) is said to lie above the graph of
I af I*(w) < k.

We observe that the following result of [OS| also holds in the semi-
group setting. In fact, the proof uses no special properties of groups such
as existence of identity element or inverses and so goes through immedi-
ately and directly.

Theorem 1.11. Let S be a finitely generated semigroup with decidable
word problem. Then the functionl: g — |g|g given by an embedding of S
into a finitely presented semigroup H satisfies the conditions (D1)— (D?2)
as well as the following condition:

(D3') The set of pairs above the graph of I* is recursively enumerable.

Conversely, for every function l : S — N satisfying (D1),(D2) and
(D3'), there exists an embedding of S into a finitely presented semigroup
H such that the corresponding length function on S is equivalent (in the
sense of Definition 1.2) to l.
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The following Corollary follows from Theorem 1.11 and reminds us of
the statement of Corollary 1.5.

Corollary 1.12. 1. Let g be an element generating an infinite sub-
semigroup in a finitely presented semigroup H with generating set
B={b1,...,by}. Denote (i) = |g'|s = |g*| for i € N. Then
(C1) 1(i+7) <1(i) +1(j) for alli,j € N (I is subadditive);

(C2) There exists a positive number a such that card{i € N : [(i) <
r} <a" for any r € N.

(C3) The set of natural pairs above the graph of 1 is recursively
enumerable.

2. Conversely, For any function | : N — N, satisfying conditions
(C1) — (C3), there is a finitely presented semigroup H and an ele-
ment g € H such that |g'|g ~ 1(i).

2. Exponential sets of words

Definition 2.1. Let X be a set of words over the alphabet
A=Aay,...,an}. We call X exponential if there are constants N and
¢ > 1 such that

card{ X € X - ||X]|| <i} > ¢

for everyi > N.

Definition 2.2. A collection Y of words satisfies the overlap property if
whenever Y, Z € Y we have that

Y is not a proper subword of Z and (2)
U nonempty, Y = UV and Z = WU impliesY =U = Z (3)
where = represents letter-for-letter equality.

Lemma 2.3. There exists an exponential set of words in the alphabet
{b1,b2} satisfying the overlap property of Definition 2.2.

Proof. Consider the set M of all words
{B3Vb3 : V = byV'by contains neither b? nor b3 as a subword. }

This set does satisfiy the overlap property of Definition 2.2. Condition
(2) is satisfied because if Y, Z € M and Y is a subword of Z = WY Wa,
then we have that b3 is a prefix of both Y and Z. However, the only time
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that b3 can occur in a word in M is at the very beginning. Therefore,
W1 is empty. Similarly, W5 is empty. Condition (3) is satisfied because if
Y =UV and Z = WU then the prefix of U must be b; and the suffix of
U must be by, say U = b1U’by. This implies that byU’'bV = Wb U'by =
b3V'b3 for some V'. Therefore, U = b3V"b3, for some V" which implies
that both V and W are empty.

We will verify that M is an exponential set. Consider the set

M; ={z e M :||z|| <i}.

Consider a word & = bibyby by1b32 - - - b5 b/2b1b3 where B; € {0,1} for
j=1,2and o € {1,2} for j € {1,...,n}, and n = L Such a word
has ||z|| < 104+ 2n =i so z € M;. If i > N = 12, then there exists
¢ > 1 satisfying 2'% > ¢. This implies that card(M;) > 23" > ¢ for all
t>N. O

Lemma 2.4. Let M be an exponential set satisfying the overlap property.
Suppose V = X1 Xo--- Xy = SY1Yo--- Y, T where m,t > 1 and X,,,Y; €
M foralll <n <t,1 <j<m. Then there exists an i < t such that
S=X1Xi 1, T=Xipm--- X and Y; =X 1445 forj=1,...,m.

Proof. Because X1 X5+ Xy = SY1Ys--- Y, T is letter-for-letter equality,
we know that the first letter, u, in Y7 also occurs in X; for some 7. We
proceed by considering cases. If u is also the first letter in X; then either
X, is a subword of Y7 or vice-versa. In either of these cases, by condition
(2), we have that X; = Y;. Now suppose that u is not the first letter in
X;. It Y is a subword of X; then we apply condition (2) again. Otherwise,
a suffix of X; must equal a prefix of Y7, which implies by condition (3)
that X; = Y7. Now consider Y5. We know that the first letter of Y5
must also be the first letter of X;41. Therefore, one is a subword of the
other, so by condition (2) we obtain that Y5 = X;11. The same argument
shows that Y; = X_q14;4; for 7 = 1,...,m hence T' = X;,,,--- X; and
SEXl-“XZ‘_l. ]

Lemma 2.5. Let M be an exponential set of words over a finite alphabet
{a1,...,am}. Then for a given functionl : S — N satisfying the (D) con-
dition, there is a constant d = d(M,1) such that there exists an injection
S = M:g— X, € M satisfying

I(g) < 11Xyl < di(g),g € S. (4)

Proof. A proof can be found in [O] for the case where words are considered
in a positive alphabet and hence it holds for semigroups as well. ]
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3. Constructing the embedding

We begin by fixing some notation. Let M be the exponential set of
words in the alphabet B = {b1, by} obtained in Lemma 2.3. Let S be a
semigroup and [ : S — N a function satisfying the (D) condition. Let
d=dM,l) and X = {X,}ses C M be the constant and exponential
subset guaranteed by Lemma 2.5 and satisfying the inequality (4).

The semigroup S is a homomorphic image of the free semigroup Fg
with basis A = {x4}ges under the epimorphism € : x4 — g. Let p =
ker(e). Therefore, S = Fg/p, and p provides all relations which hold in
S. Let

R = {(l’h,.%'h/.%‘h//) ch= h/h/, in S}

Then R represents the relations of S arising from its multiplication table.
The proof of the following Lemma is elementary so we omit it.

Lemma 3.1. The semigroup S has presentation (A|R).

Consider the following commutative diagram:

e(rg) =g

Blzg) = Xq v(9) = X4

F(by,b2)

H = F(b1,b2)/¢

where £ is the unique smallest congruence relation on the free semigroup
F(b1,bs) containing the set SR = {(Xp, XpXpr) : h = 'R in S} of
defining relations of H, and € is the natural epimorphism. Observe that
~ may be well-defined by the formula ve = £3; i.e. v := g8¢~!. This
definition is independent of the choice of e~!(g) for g € S; in partic-
ular, we may select representative ¢(g) = z,. This is because if we
have two representatives, e 1(g) = z;, = x4 2, T, then e(z,) =
E(XgTgy - Tg,) = €(xg,) --€(xg,) S0 g = g1---gn in S. One com-
putes that E6(zg,xg, - xg,) = E(Xg Xy, - Xy,) = Xg, Xg, -+ X, &
and g6(zy) = €X, = Xy By definition, X, Xy, -+ X,,& = X € if
(Xg1 Xgy - Xg,, Xg) € & By induction, we may assume that

(Xg, - Xgp 13 Xg1gnr) € & Then because § is left compatible, we
have that (X4, - Xg,, Xg1-9,_1Xg.) € & By definition of SR we also
have that (Xg,..q, 1 Xg,,Xg) € £ Therefore, (X4 - Xgy,,Xy) € § as
required.
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Lemma 3.2. The map (B is injective.

Proof. Suppose xg4, - - Xg,,Tp,, - Tp,, € Fs and

B(zg, - - xg,) = B(xhy, - Th,,). Then Xg - Xy = Xp, -+ Xp,.. Be-
cause Xg, --- Xy, and X, --- X}, =~ are words in the free group F(b1,b2)
the equality must in fact be letter-for-letter. Therefore by Lemma 2.4,
we have that n = m and X, = X}, for ¢ = 1,...,n. By Lemma 2.5 the
map S — F(b1,b2) : g — X is injective, hence g1 = hi,...,gn = hy s0O
Tg, " Ty, = Thy," " Thyy,- O

m

Lemma 3.3. The map v is injective.

Proof. Suppose that g,¢" € S and v(g) = v(¢'). We will show that
g =g Since v =8¢ !, we have that 8z, = £z, which implies that
Xy = €Xy. Thus by definition of € we have that (X4, X,) € £ which
means that there is a finite chain

Xg =Xy = Xpy = Xy - o» 2 Xp,, = Xy

where each — is obtained by applying a defining relation. Every X, is
a product of elements of the form X where h € S. Each time we apply
a defining relation, we replace one Xj with X}, X or vice-versa, where
h = h'h" in S. Therefore, for each Xy, , the product of subscripts equals
the same element of S; in particular, g = ¢’ as required. [

Let Hg be the free subsemigroup of F(by,b2) with free generating set
{Xg}ges. We know that Hg is free by Lemma 3.2, because Hg = imf3 =
Fs/ker 3 = Fg. As g is an epimorphism, we can consider the system
B = {b1,bs} to be a generating set for the semigroup H which contains
the isomorphic copy v(S) of S, by Lemma 3.3.

By an Hg-word we mean any word of the form W (X, ..., X}). Any
Hg-word can be rewritten as a word in the letters by and bs.

The following is an important ingredient in the proof of Theorem 1.4
Part (1).

Lemma 3.4. For any Hg-word U, there is an Hg-word V such that
g(V)=2eU) and ||VI|| < ||W]| for any word W with (W) =&(U).

Proof. 1t suffices to show that if a word W satisfies €(W) = g(U) then
W must be an Hg-word. Because W = U in H there is a finite chain

U=Uy—-U = =Up=W

where each — is obtained by applying a defining relation in H. Suppose
by induction that at the nt" step we have U,, — Upn+1 where the Hg-word
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U,= X, --- X, for ly,...,l; € S. Therefore we have that X;, ---X;, =
T'X,T = T' Xy XpnT = U, for some words T, T’ where the defining
relation applied was X}, = X, Xy~ for h = K'h” in S. By Lemma 2.4,
both T and T" are Hg-words. Thus so is U, 1, and by induction, W. [

Proof of Theorem 1.4 Part 1. By Lemma 3.3 we may identify S with its
image v(S) C H. The equalities

9="(g9) =B (9) =B(zy) =(X,)

and the inequalities (4) yield

lgls < di(g) (5)

for d > 0 and for any g € S C H. To obtain the opposite estimate, we
consider an element g € S and apply Lemma 3.4 to the Hg-word U = X,.
For a word W of minimum length representing the element X, and for
the Hg-word V from Lemma 3.4, we have

l9ls = [[WI[ = [[V]I. (6)

By definition of Hg there exists a unique decomposition of the Hg-word V'
as a product V = X X, --- X, for some g; € S. Because V =W in H
we have that (X, -+ X,,, X,) € & which implies by previous arguments
that ¢ = g1 -+ - gs in the subsemigroup S of H. Taking into account the
inequalities (4) we conclude that || X, || > I(g;). Hence, by the condition
(D7) we have that

IVIF= D 11Xg 1l =D 1(gy) = Ug).
i=1 i=1

Therefore, |g|s > I(g), by (6). This, together with inequality (5), com-
pletes the proof. O

The following Lemma will essentially prove Theorem 1.4 Part 2. We
fix notation as in the Theorem: S is a finitely generated semigroup, and
l: S — N satisfies the (D) condition.

Lemma 3.5. There is an exponential set of words N over a finite alphabet
C satisfying the overlap property such that there is an injection S — N :
g — Xy satisfying

l(g) = [1 Xl (7)
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Proof. Let a be the integer arising from condition (D2) for the given
function . Let C = {ci1,...,cqat2}. It suffices to produce a set of words
N satisfying the overlap property and subject to

card{y € N : ||y|| = i} > d".

For if this is satisfied, then for every g € S we may find a distinct word of
length I(g) from our exponential set satisfying the overlap property. The
same argument as that given in the proof of Lemma 2.3 shows that the
set

N ={c1v(ea, ..., Cat1)Cata}
where v is an arbitrary word in cg,...,cq+1 does satisfy the required
properties. ]

Remark 3.6. Observe that Theorem 1.4 Part 2 follows from Lemma
3.5 by replacing the set M by N and the inequalities (4) by equality (7)
everywhere in the proof of Theorem 1.4 Part 1.

4. Embedding to finitely presented semigroups

In this section we will prove Theorems 1.6 and 1.9.
We begin with an undistorted analogue of Murskii’s embedding the-
orem.

Theorem 4.1. Let H be a semigroup with a finite generating set B and
a recursively enumerable set of (defining) relations. Then there exists an
isomorphic embedding of H in some finitely presented semigroup R with
generating set T without distortion.

Observe that Theorem 1.6 follows immediately from Theorem 1.4,
Part 1, Theorem 4.1 and the assumption that S has recursively enumer-
able set of defining relations.

Although an undistorted semigroup analog of Murskii’s embedding
appears in [B], that Theorem makes additional assumptions regarding
time complexity of the word problem in H. It is not clear to the author
whether a simple proof of Theorem 4.1 may be extracted from [B].

To prove Theorem 4.1 we will instead use such an embedding which
was invented in [M], and show that it is undistorted.

Proof of Theorem 4.1. Let P € H and W be a word representing the
image of P in R under the embedding. We have by [M| Lemma 3.3 that
if a word P in the alphabet B is equal in R to a word W in the alphabet
T then it is possible to represent W in the form

W = P()U1P1U2 ce UlPl
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such that
1. All P;’s are words in the alphabet B;

2. One can delete some subwords from every U; and obtain a word U/,
which by Lemma 3.1 in [M] has subword R;, where R; are words
in the alphabet B and R; is are not words in the alphabet B, but
[|R;|| = ||R;|| for all i.

3. The word PR P; --- R P, is equal to P in H.

This implies that
|Plg < |PyR1Pi---RiP|g < |Polp+ |Rilg + -+ |Ps

<||Pol| + ||Ral| + -+ |2 = ||Poll + || Bal| + - - + || BA]]
<Pl + 11Ul + - - + [P < N[ Poll + UL + - + [|P]] = [|W]].

Indeed, we have that ||R;|| < ||U!]| because R; is a subword of U!
for all 7. Similarly, because U] is obtained from U; by deleting subwords,
we have |U;| > |U/| for all i. Since W is any word equal to P in R, the
above inequalities hold in particular when ||W|| = |P|7 so we have that
|P|g < |P|7, which shows that the embedding is undistorted. O

We proceed with consideration of Theorem 1.9, in particular towards
establishing notation to be used in the proof.

Let S be a finitely generated semigroup with generating set A =
{a1,...,am}. For any k > 0, let F}, denote the free semigroup of rank k.

Suppose that a function [ : 'S — N satisfies conditions (D1) — (D3).
Let 7 : F,, — S be the natural projection. By hypothesis, there exists
a recursively enumerable set T satisfying Properties (1), (2), and (3) of
Condition (D3). Let U be the natural projection of T' onto F,. Let
¢ : U — F,, such that v = ¢(u) if (v,u) € T and (v, u) is the first pair in
the enumeration of 1" whose second component is u.

By Lemma 2.3 there exists an exponential set of words M over the
alphabet {x1,z2} satisfying the overlap condition of Definition 2.2. For
the word length function F,, — N, there exists by Lemma 2.5 a constant
d and an injection ¢ : F;, - M C Fy = F(x1,x2) : u — X, satisfying

[lull < [1Xul] < dlful]. (8)

We may chose the function ¢ to be recursive. Begin by putting an order
(e.g. ShortLex) on U. Then for every u starting with the shortest we
select the smallest word X, satisfying equation (8) and such that X, #
X, if v < u.
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Let F(V) be the free semigroup with basis V' = {zy}ver,,. Con-
sider the natural epimorphism defined on generators by ¢ : F(V) — S :
((xy) = m(v). Define the free semigroup F(Y') with basis Y = {y, }uev-
Let n : F(Y) — F(V) be defined by n(y.) = Zg(u). Then the product
€ = (n is an epimorphism because by Parts (1) and (2) of Condition (D3),
for any v € F, there is (v/,u) € T such that ¢(u) = v' and 7 (v') = 7(v).
Therefore, there is a presentation S = (Y'|R) defined by the isomorphism
S = F(Y)/ker(e).

Define a homomorphism g : F(Y) — Fy : B(yu) = ¥(u) = X,. Let
& be the unique smallest congruence relation on the free semigroup Fb
containing the set 5(R) = {(B(a),5(b)) : (a,b) € R}. Let € the natural
epimorphism of F, onto H = F/¢. Let v : S — H be defined by
v = gBe~1. There is also a map F(V) — F,, : 7, = v. Consider the
commutative diagram defined by all these maps:

S
-

Iy

o
S
=

=
=

lw
lv

S
H

Lemma 4.2. The map B is injective.

Proof. This fact is proved exactly similarly to Lemma 3.2. The appli-
cation of Lemma 2.4 is still valid, because our set M DO {X,}uev is
exponential and satisfies the overlap property. Moreover, we have that
the map U — F5 : u — X, is injective. These are the only facts used in
the proof of Lemma 3.2. O

Lemma 4.3. The map v is a well-defined monomorphism.

Proof. The fact that v does not depend on the choice of preimage under
e of g € S follows exactly as the proof of the same fact in Section 3.
Moreover, + is injective. The proof is similar to that of Lemma 3.3. O

Lemma 4.4. The semigroup H is recursively presented.

Proof. The set of defining relations for H is £ = S(R). Because the
map v : F,, — F> was chosen to be recursive, and by definition of 3, it
suffices to show that the relations R are recursively enumerable. First
observe that the set of relations of S in generators {ay,...,am} is recur-
sively enumerable. We have by Condition (D3), Parts (1) and (2) that
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vi(ai,...,am) = v2(ai,...,an)in S if and only if both (v, w), (ve,u) € T
for some u. Therefore, because T' is recursively enumerable, so is the set
of relations of S. Then we have that (w(Yuys -, Yu, )W (Yuls -1 Yur)) €
ker(e) if and only if

CW(Tguys -+ s Tpuy) = CW (Tgul s+ s Tgyy) IS, 9)

Thus we have to enumerate such pairs (w,w’). To do this, we enumerate
all variables of the form x4, with w € U. This is possible by definition
of ¢ and U and by the fact that T is recursively enumerable. Next, we
enumerate all pairs (w(Zv,, - .., Ty, ), W (Tyr,s - ., y)) with ((w) = ((w').
This is possible because ((w) = ((w’) if and only if 7(w(vy,...,vs)) =
m(w'(vy,...,v})) if and only if

wvi(at, ... am), ... ;0s(a1,.. ., am)) =

w'(vi(ar, ..y am), - var, ... am)). (10)

We have already seen that the set of all relations of S is recursively
enumerable. Given any relation in S in generators {ai, ..., an}, we may
find all possible w,w’, v1,...,v; such that the relation may be presented
as it is written in equation (10). There is an algorithm which can do
this because the lengths of possible w,w’,v1,...,v; are bounded by the
length of the given relation of S. To complete the proof it suffices to
compare these two lists to obtain a list of all pairs (w,w’) satisfying
equation (9). O

Proof of Theorem 1.9. We first suppose that S is a semigroup with finite
generating set A = {ai,...,an,} and that a function [ : S — N satisfies
conditions (D1) — (D3). Lemmas 4.3 and 4.4 show that there is an
embedding S — H to a recursively presented and 2-generated semigroup.
By Theorem 4.1, it suffices to prove that the function [ : § — N is
equivalent to the word length on H restricted to S. Let g = w(v) € S.
By Part (3) of Condition (D3), there exists a word u € F,, such that
llul| = U(g). Let v/ = ¢(u). We have that 7(v) = w(v') by Part (1)
of Condition (D3) and by the definition of ¢. Then e(y,) = 7(p(u)) =
7(v") = w(v) = g. Therefore, by definition we have that v(g) = £6(y,) =
z(Xy), and so

(@)l < Xl < diful] = dig). (11)

The reverse inequality follows exactly from the arguments of the Proof of
Theorem 1.4 Part (1), which only uses the overlap property, Lemma 4.2
and the replacing of inequalities (4) by (11) and the definition of Hg by
the free semigroup { X, }uev.
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To prove the converse, suppose that S is a subsemigroup of H with
generating set B = {b1,...,by}. We must show that

15— N:l(g) =lgls

satisfies condition (D3). Since H is finitely presented, the collection
T C F,, x F,, defined by

T ={(v,u) :v(ay,...,am) =u(by,...,b,) in H}

is recursively enumerable. Condition (D3) Part (1) is satisfied because if
(v1,u), (v2,u) € T then vi(ai,...,am) = u(bi,...,b,) in H, and
va(ai,...,am) = u(by,...,by) in H. Therefore, since the map S — H
is an injection, we have that vi(ai,...,am) = v2(ay,...,ay) in S. To
see that Condition (D3), Part (2) is satisfied, suppose v; = vy in S
and let vi(aq,...,a;,) € H. Then we may write v; with respect to the
generating set B of H; that is, there exists u € H with vi(a1,...,am) =
u(by,...,bn). Now consider words u(xi,...,Zn) € Fp,v1(Y1,--.,Ym) €
F,,, where F), has basis {z1,...,z,} and F,, has basis {y1,...,yn}. We
have that (vi,u), (ve,u) € T because u(by,...,b,) = vi(a,...,am) =
va(ay,...,anm). To see that condition (D3) Part (3) is satisfied, let v =
V(Y1,- .-y Ym) € Fpy. Then

F(v) =1l(v(al,...,am)) = |v(al,...,am)|B

= min{||u|| : w = v in H} = min{||ul| : (v,u) € T}.
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